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Abstract 

A  auasiootical  cavitv  consisting  of  a  cylindrical,  metallic,  overmoded,  TFq^  waveguide 
between  two  SDherical  end  mirrors  will  be  used  to  contain  lono-wave length  (~  1  mm)  oumo 
radiation  in  a  two—staoe  FFL.  ’’’he  major  loss  mechanism  is  found  to  be  mode  conversion,  two 
different  modified  cavities  are  shown  to  suffer  negligible  mode  conversion,  and  two  more 
oossihle  aooroaches,  with  low  mode  conversion  and  additional  advantages,  are  discussed. 


I .  Introduction 

Tn  a  two-staoe  ffl,  intense  first-staoe  radiation  acts  as  a  short  spatial 

neriod  (~  1  mn)  oumo  field  to  produce  shorter  wavelength  second-stage  outout  with  relatively 

modest  electron  beam  energy. 1  significant  gain  can  be  achieved  in  the  second  stage  onlv  if 

7ft  2 

the  first  stage  radiation  can  build  up  to  intensities  of  10  -10  w/cm  .  In  order  to 
accomodate  these  intensities  and  provide  a  region  of  uniform  interaction  between  the  1-mm 
radiation  and  the  electron  beam,  we  propose  a  waveguide  laser  configuration  Figure  1). 
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Figure  1.  T*oi  cavitv.  the  electron  beam  travels  alone  the  guide  axis  from  rioht  to 
left,  the  oumo  and  infrared  waves  separate  due  to  differential  diffraction  in  the  free- 
soace  regions. 


Me  discuss  general  features  of  this  configuration  in  flection  II.  Tn  flection  m  the  loss 
due  to  mode  conversion  is  described  and  weighed  against  other  loss  mechanisms.  Minimizing 
the  losses  halos  achieve  high  intensity  and  increases  the  overall  efficiency  of  the  two- 
staoe  laser.  Mode  conversion,  which  is  the  most  significant  loss,  may  be  reduced  by  certain 
cavity  modifications,  which  are  described  in  Section  TV.  other  aspects  of  two- si 
design  are  discussed  in  an  accompanying  article. 2 
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TI.  General  features  of  the  Tvft^  cavity 

a  two-staae  pTL  cavitv  must  provide  interaction  regions  for  both  stages,  suffer  low  Dump 
losses,  and  transmit  a  fraction  of  the  second-stage  radiation.  noth  the  first-staoe  and 
second-stage  interactions  take  place  ir.  the  waveguide  where  good  overlap  between  the  fields 
and  the  electron  beam  can  he  achieved.  The  electron  beam  passes  through  the  second-stage 
interaction  region  with  the  low  energy  spread  necessary  for  the  interaction.  Then  it  passes 
throuoh  the  first-staoe  magnetostatic  wiooler,  acouirino  a  relatively  large  beam  enerov 
spread  as  described  elsewhere  in  this  volume. 3 


The  cylindrical  waveguide  shown  in  figure  1  supports  the  tf^  circular  mode.  The  most 

important  field  component  of  this  mode  is  the  azimuthal  electric  field,  F  ,  which  has  an 

annular  profile  as  shown  in  figure  2.  ftevond  the  guide  this  annular  mode  diverges  with  a 

diffraction  angle  proportional  to  x/a  ,  where  X  is  the  pump  wavelength  and  a  is  the  guide 

radius.  ’rhe  radial  profile  of  *  remains  annular,  and  the  magnitude  of  F  near  the  cavity 

$  $ 
axis  grows  smaller.  The  infrared  mode  is  also  annular,  but  its  diffraction  angle, 

proportional  to  XjR/a  ,  is  much  smaller  than  that  of  the  pump  field.  Thus  annular  mirrors 
permit  oassaae  of  the  infrared  mode  on  axis  with  low  transmission  of  the  l-iran  pump  field. 

As  x/a  increases,  this  mirror-hole  loss  decreases,  but  waveguide  attenuation  increases. 


r/a 

figure  2.  Mirror-hole  diffraction  losses 
are  low  due  to  annular  field  distribution. 
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Figure  3.  TE01  resistive  losses  are  the 
lowest  of  any  guided  mode. 


As  Figure  3  shows,  the  tf01  mod*  th*  lowest  loss  mode  in  an  overmoded  (X  <<  2a) 
circular  waveguide.  Conventional  rectangular  guide  has  no  mode  with  comparable  short¬ 
wave  lenoth  behavior.  Thus  the  T*ni  circular  mode  offers  the  best  combination  of  guided 
propagation  and  low  loss.  The  tf02  mode  has  a  factor  of  four  higher  attenuation  in  the 
waveguide  and  higher  transmission  through  the  mirror  holes,  wioher-order  tfqo  modes  and  all 
other  modes  suffer  even  higher  losses. 


The  wall  currents  in  TFfll  waveguide  are  purely  azimuthal.  Thus,  the  guide  may  be 

segmented  axiallv  with  little  increase  in  waveguide  attenuation.  This  permits  the 

introduction  of  an  axial  electric  field  for  gain  optimization.  It  will  also  oraatlv 

increase  the  losses  for  non-T*  modes. 

on 


tit .  Mode  conversion 


Mode  conversion,  also  known  as  couolina  loss,  results  from  the  failure  of  the  reflected 
radiation  to  duplicate  precisely  the  original  Tpftl  mode  at  the  waveguide  end.  In  our 
analysis,  as  in  previous  waveguide  laser  work, 4  the  radiation  propaaatina  between  the  guide 
and  the  mirror  is  represented  as  a  set  of  free-space  modes,  each  with  a  spherical  wave 
front,  and  the  curvature  of  the  spherical  mirror  is  chosen  to  match  these  wave  fronts.  The 
appropriate  modes  are  the  Gauss-LaGuerre  TFMp  *  modes,  for  which  the  azimuthal  electric 
field  at  the  beam  waist  is  given  as 


(1) 


->  *> 

where  u»2r'/w  '.  For  convenience,  we  choose  to  locate  the  beam  waist  at  the  waveguide 
o 

end.  This  condition,  together  with  the  matching  of  wave-front  curvature  to  mirror 

curvature,  determines  the  beam  waist  radius  w  for  the  complete  set  of  free-space  modes. 

o 

Different  values  of  wQ  are  associated  with  different  mirror  curvatures. 

If  the  tf01  mode  at  the  end  of  the  wavequide  is  expressed  as 


F 
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rp%,p' 


(2) 


then,  after  the  trip  to  the  mirror  and  back,  we  have 


F 
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-  I  c  F  exp(2i*  ) , 

^  p  *,p  p 


(3) 
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where  *o“2p  tan  [lx/*wo  ],  L  is  the  guide-mirror  separation,  and  X  is  the  pump 
wavelength.  Throughout  this  paper  the  mirror  diameter  is  assumed  to  be  large  enough  to 
allow  us  to  ignore  the  radiation  lost  around  the  edge.  The  reconstructed  field  F^  will  not, 
in  general,  be  equal  to  f^.  This  is  because  the  free-space  modes  suffer  a  relative  phase 
shift,  2*  ,  proportional  to  their  mode  number.  (See,  for  example,  Kogelnik  and  Li.5)  The 

U 

phase  shifts  are  important  because  the  amplitudes  of  high-order  free-space  modes  are 
significant,  as  seen  in  Table  1. 

When  is  expanded  in  terms  of  tf _  circular-waveguide  modes,  the  fraction  of  power 

t  on 

converted  into  non-TPn,  modes  is  found.  This  will  be  small  if  is  close  to  ps  or  0.  we 

fix  P 

will  be  concerned  with  the  former  condition,  trtiich  can  also  be  expressed  as 

LX/sw  2  >>  1.  (4) 

o 

Larger  guide-mirror  separations  lead  to  lower  mode  conversion.  Smaller  beam  waists 
(maintaining  a  fixed  ratio  of  beam  waist  radius  to  waveguide  radius)  also  lead  to  lower  mode 
conversion.  Pigurs  4,  which  shows  the  power  not  in  the  TFqj  mode  after  a  single  reflection 
for  the  case  wo/a«0.3,  illustrates  this  behavior  clearly.  The  value  wo/a>0.3  is  chosen 
because  it  minimises  the  mode  conversion. 

These  mode  conversion  values  match  with  results  from  a  Presnel-Huygens  propagation 
code.  The  propagation  code  avoids  a  free-space  mode  field  representation  by  calculating  the 
far-field  radiation  pattern  at  the  mirror  directly  from  the  TE01  aperture  distribution. 


•’’able  1.  ^ree-Space  Mode  Coefficients 
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where  the  aperture  is  the  ooen  waveouide  end.  is  then  criven  by  the  far-field  pattern  in 

the  nlane  of  the  anerture  due  to  the  distribution  on  the  mirror. 

Guide-mirror  separations  laruer  than  a  few  meters  are  inconvenient  experimentally, 
oeducino  the  ouide  radius,  a,  reduces  mode  conversion  but  increases  the  resistive  loss  in 
the  waveouide.  Electron  beam  optica  also  becomes  more  difficult  with  a  smaller  ouide 
diameter.  Since  we  wish  to  hold  the  total  cavity  losses  below  one  percent  and  maintain  a 
relativelev  laroe  ouide  diameter,  we  would  like  to  reduce  mode  conversion  substantially. 


Fioure  4.  overmodina  trades  waveouide  Fioure  5.  Mirror-hole  diffraction  is 

attenuation  for  mode  conversion.  small  for  likely  dimensions. 

For  example,  with  L*3m  and  a*1.2  an,  the  total  round-trip  cavity  losses  are  1.8*.  of  this 
total,  0.9S  is  due  to  mode  conversion  and  0.6*  is  due  to  resistive  losses  in  the  waveouide 
and  at  the  end  mirrors.  Methods  of  reducino  mode  conversion  to  neolioible  levels  are 
discussed  in  the  next  section,  to  reduce  losses  further  the  mirrors  and  waveouide  could  be 
cooled  to  reduce  absorption. 


what  remains  is  the  diffraction  loss  through  the  infrared  outnut  couoli.no  hole,  ^his 
loss  depends  on  the  guide  radius  as  well  as  the  auide-mirror  separation,  h.  because  for  low- 
loss  in fr' red  transmission  the  hole  radius  is  of  the  order  of  the  ouide  radius.  Fiaure  5 
shows  the  dependence  of  this  loss  on  eavitv  parameters.  In  the  above  example  we  have 
tA/a  which  for  a  svmmetric  cavity  with  holes  in  both  mirrors  implies  a  little  over 

f.3%  contribution  to  the  total  losses,  this  loss  can  be  reduced  by  increasing  L. 

iv.  Improved  cavity  designs 

Four  different  approaches  are  described  for  reducing  mode  conversion,  the  first  two, 
involvina  modified  reflectors,  have  alreadv  led  to  theoretically  viable  solutions,  as  will 
be  shown,  work  in  progress  on  the  horn  and  closed-cavitv  approaches  is  discussed.  A  less 
practical  fifth  approach,  ohase-eon juqate  reflection,  is  also  mentioned. 

mwo-element  reflectors 

Mode  matching  with  a  single  spherical  reflector,  as  discussed  in  Section  ITI,  is 
imperfect  unless  the  guide-mirror  separation  is  •  or  0.  At  intermediate  values  of  the 
separation,  free-soace  inodes  with  different  radial  mode  numbers  arrive  back  at  the  waveguide 
with  relative  phase  shifts  as  discussed  in  the  previous  section,  and  imperfect 
reconstruction  of  the  waveguide  mode  results.  A  two-element  reflector  (see  Figure  6) 
provides  an  additional  relative  phase  shift  in  the  lens-mirror  region  which  can  be  adjusted 
to  make  all  round-trip  relative  phase  shifts  an  integral  multiple  of  2s.  A  derivation  of 
the  condition  idiich  the  reflector  parameters  must  satisfy  is  outlined  below. 


Focal  Length  ■  /  Spherical  Mirror  ] 

Focal  Length  *  /m' 

Figure  6.  Two-element  reflector. 

2 

For  convenience  we  define  the  Rayleigh  range,  Z  "aw  /\>  where  w  is  again  the  beam 

w  0  O 

radius  at  the  waist.  Let  7>ni  and  ZQ2  be  the  Rayleigh  ranges  associated  with  the  beam 
between  the  waveguide  and  the  lens  and  the  beam  between  the  lens  and  the  mirror, 
respectively,  nistances  Lj-  1*2*  *ocal-  lengths  of  lens  f  and  mirror  fm,  and  lens-beam  waist 
distance  t ^  are  shown  in  Figure  6.  The  relative  phase  shifts  between  successive  modes,  and 
associated  with  the  two  beams  as  indicated  in  Figure  6,  are  given  as  follows: 


(5a) 


'  i  *  ?tan_1  f-  \7.?  |  /7n?) 

S.f  -  ^«n-lC-(|y2|  -L?)/Tn>3. 


( 5  h ) 
f  Sc) 
(5rt) 


The  total  relative  ohase  shift  between  successive  free-soace  mode*  nrooaaatino  trom  the 
waveguide  to  the  mirror  is 


"  h.i* 


"  *2,i)‘ 


waking  use  of  relations  between  free-space  beam  parameters  (see  Deference  5)  leads 
eventually  to 


:  h: 

*oi<*  ~  V 


(7) 


setting  either  the  numerator  or  denominator  equal  to  zero  in  the  araument  appearing  in 
*ouation  7  gives  the  result  that  n,Q  is  some  multiple  of  x.  Thus,  the  round  trip  relative 
phase  shift  for  all  free-space  modes  is  an  integral  multiple  of  2*. 

We  examine  the  latter  case,  fwLj ,  and  make  the  further  simplification  Lj-L^f.  In  this 

case  we  also  find  *oi*0 7m*7  •***  *2*L2‘  ‘fh*  result  for  7. 7  implies  that  the  mirror  is  located 

at  the  second  beam  waist  and,  thus,  will  be  flat  (f  »•) .  with  L.  eaual  to  L~,  we  can  easily 

in  x  z 

fold  the  optical  avstam  by  replacing  the  lens  with  a  reflector  of  focal  length  f  and  moving 

the  flat  to  the  end  of  the  waveguide.  Figure  7  indicates  the  rav  paths  in  such  a  system  and 

lists  parameters  associated  with  a  3m  separation.  Fadiation  reentering  the  waveguide 
directly  from  the  curved  mirror  without  reflecting  off  the  plane  mirror  is  not  correctly 
conditioned  for  mode  matching.  However,  the  field  is  small  near  the  axis  for  the  TFMp  • 
modes  so  that  this  mismatch  is  insignificant  for  a  3m  separation. 


1  mm 
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Figure  7.  Folded  two-element  reflector  with  3m  separation. 


Thus,  without  increasing  the  overall  cavity  length,  mode  conversion  losses  can  be  made 
negligible.  In  the  3m  case  this  eliminates  a  0.9%  loss,  while  introducing  a  separation- 
independent  0.4%  absorption  loss  due  to  the  four  additional  reflections.  Cooling  would  now 
be  even  more  desirable.  Total  round-trio  losses  could  be  reduced  from  1.5%  to  about  0.9% 
with  liguid  nitrogen  or  to  about  0.3%  with  liquid  helium. 


Wave- front  raff lector 


Another  approach  to  the  reduction  of  mode  conversion  requires  fiqurinq  of  the  mirror 
surface  to  match  the  incident  wave  front  of  the  total  field,  qiven  by  the  sum  of  the  free- 
soace  modes.  Such  a  mirror  simultaneously  reverses  the  propagation  direction  of  the  entire 
wave  front,  which  then  follows  exactly  in  reverse  the  evolution  underqone  during  oropaoation 
from  the  waveguide  to  the  mirror.  No  phase  conjugation  occurs ?  only  carefully  controlled 
conventional  reflection  is  required.  In  terms  of  free-soaee  modes,  one  can  say  that  the 
mirror  reduces  the  optical  path  length  for  each  higher-order  mode  by  the  amount  required  to 
compensate  for  the  relative  phase  shifts  by  making  use  of  each  mode  s  unique  transverse 
profile,  thus,  the  phase  shifts  vanish,  and  the  returning  radiation  precisely  duplicates 
the  original  mode. 

the  total  electric  field  along  a  surface  of  uniform  phase  can  be  written 

*  •[  l  CrTZT  •”U/2  •xpC-Kk*-*  )  -  r2<l/w2+ik/2*)]]*i“t,  (8) 

f  0-0  p  p 

where 

Tm  [  l  C  (u)  exp(i*  )]*  0  (9) 

pi  P  p  p 

■—1  o  2 

with  9  ■  2p  tan  (7/7,  )  and  u»2r  /w  .  The  coefficients  C_  include  the  normalization 
no  p 

constants,  mere,  *  is  the  radius  of  curvature  of  the  wave  fronts  of  the  individual  modes, 
and  w  is  the  beam  radius  at  arbitrary  7..  *  and  w  are  given  as 

»-?!(l+?!2  /72)  (10a) 

o 

w2«w2  (1+*2/*2  ).  (10b) 

O  O 

the  condition  Imposed  by  Equation  9  determines  Z(r )  for  an  arbitrarily  selected  value  of  the 
overall  phase  at  a  fixed  time,  mo  generality  is  lost  in  making  this  selection,  equation  9 
can  be  solved  numerically  for  2. 

In  order  to  he  sure  of  achieving  low  mode  conversion,  we  will  need  to  evaluate  the  errors 
introduced  by  the  paraxial  approximation  in  each  cf  the  prospective  cavity  designs.  For 
example,  spherical  mirrors  might  be  replaced  by  parabolic  mirrors.  If  non-paraxial 
corrections  to  the  mirror  figure  are  required,  theiy  could  most  easily  be  implemented  as  a 
modification  to  the  wave-front  reflector,  since  aepherizing  is  already  necessary.  No 
additional  absorption  losses  would  be  incurred  as  with  the  two-element  reflector. 

morns 

An  appealing  solution  to  the  mode  conversion  problem  would  be  to  convert  the  TF01 
waveguide  mode  to  the  lowest  order  free-space  mode  with  very  little  power  in  higher-order 
free- space  modes,  relative  phase  shifts  between  modes  would  thsn  have  no  significance. 

This  approach  would  require  specially  designed  horns  on  the  ends  of  the  waveguide.  In 
addition  to  reducing  mode  conversion,  such  horns  would  radiate  a  cleaner  far-field  pattern 
than  the  open  pipe,  permitting  a  larger  mirror-hole  diameter  and  a  smaller  overall  mirror 
diameter,  morns  may  also  be  the  least  expansive  solution  to  implement. 


“orns  ar»  commonlv  desianed  with  the  aoal  of  reducino  the  side  lohes  present  in  the 
radiation  patterns  of  ooen-ended,  sinale-mode  waveouiden.  side  lohes  imolv  the  oresence  of 
hieh-order  free-soace  modes.  '’'bus  our  desion  criteria  will  be  similar  to  those  commonlv 
used,  hut  thev  will  be  more  stringent. 

"the  closest  approach  to  the  reeruired  horn  desion  seems  to  he  the  anerture-matched  horn 
reported  bv  Rurnside  and  rrhuano.6  Flared  surfaces  attached  to  the  end  of  a  conventional 
horn  have  been  found  theoretically  and  exoerimentallv  to  reduce  side  lobe  Dower  levels  bv 
rouohlv  a  factor  of  three  below  the  already  low  levels  oresent.  in  the  pattern  produced  bv 
the  unmodified  horn  (see  Fiaure  ft),  the  unmodified  horn  is  similar  to  our  open-ended 
wavecruide  in  that  a  sinole  mode  is  incident  upon  an  aperture  which  has  dimensions  large 
compared  to  a  wavelength.  Thus,  a  flared  surface  may  be  able  to  reduce  mode  conversion. 


9  (DEGREES) 

Fiaure  ft.  (a)  Aperture- matched  horn  (b)  F-plane  pattern  of  aperture- 

(after  Ref.  6,  coovriaht  1982  IFFF).  matched  rectangular  horn  (after  Ref.  6, 

copyright  1982  IFF*) . 


the  contours  discussed  in  Reference  6  are  probably  not  adeauate  for  the  performance  we 
reauire.  Ideal lv.  a  design  procedure  should  be  created  in  which  an  optimum  or  near-optimum 
contour  is  found  as  a  function  of  the  coupling  between  the  waveguide  mode  and  the 

tF*^*  free-soace  mode.  Such  a  design  procedure  exists  for  the  simpler  problem  of  a 
nonlinear  taoer,  which  couples  the  mode  in  circular  waveguide  to  the  same  mode  in  a 

waveauide  of  different  diameter  bv  carefully  controlling  the  t*02  power  in  the 
taper.7  Adaptation  of  this  procedure  to  our  problem  must  account  for  many  unwanted  modes 
rather  than  only  one. 

Closed  cavltv 

A  different  approach  is  to  enclose  completely  egi  between  the  waveauide  and  the 

spherical  mirror  with  a  tapered  waveguide  as  shown  .  Figure  9.  If  the  maximum  taper 


anale,  9q,  is  no  more  than  a  few  degrees,  then  only  the  lowest  two  cone  inodes  are  reauired 
to  renreeent  the  field  in  the  tapered  region  adequately. 


00 


figure  9.  (a)  Closed  cavity  with  a  linear  (b)  Closed  cavity  with  a 

taper.  nonlinearly  tapered  section. 

'’'he  tv _ cone  modes  are  given  bv 

on 

%.n(9'R)  ”  ^Rl2il/2(kR)  |f[p*  <11> 

n  n 

where  n  is  the  transverse  mode  number.  Azimuthal  symmetry  is  assumed.  C  is  a  constant,  R 
is  the  distance  from  the  cone's  vertex,  k  is  the  free-space  wavenumber  and  e  is  the  angle 
with  respect  to  the  cone's  axis.  q*2*  and  P  are,  respectively,  the  Hankel  function  of  the 
second  kind  and  the  'ssociated  Legendre  function.  The  order  of  each  function  is  indicated 
bv  a  subscript.  Which  is  positive  but  not,  in  general,  an  integer.  The  vn  (n-1,2,3  ,..)  are 
a  discrete  set  of  numbers  'diich  are  found  numerically  by  satisfying  the  condition 

E.  ■  °«  (12) 

tin  O 

The  TRq,,  cone  modes  are  very  similar  to  the  ,fwon  circular-waveguide  modes,  Thus ,  the 
best  cavity  performance  would  be  obtained  by  arranging  for  onlv  the  mode  to  be  incident 

uoon  the  mirror.  As  in  the  case  of  the  lowest-order  free-space  mode,  this  permits  a  large 
mirror-h'ole  diameter  and  relatively  smaller  overall  mirror  diameter.  Good  conversion  to  the 
cone  mode  could  be  achieved  by  the  nonlinear  section  of  the  compound  taper  shown  in 
figure  9b.  This  could  he  designed  according  to  the  procedure  given  in  Reference  ^  with 
little  modification. 

The  simpler  case  of  a  linear  taper  (figure  9a)  is  examined  briefly  here.  About  one 

percent  of  the  power  is  allowed  to  propagate  in  the  Tkgj  cone  mode  and  smaller  fractions  in 

higher-order  modes.  These  fractions  are  found  by  expanding  the  incident  TJ?0l  circular- 

waveguide  mode  in  terms  of  the  functions  glvsn  in  Equation  11,  accounting  for  ths  phase 

variation  of  the  incident  mode  along  a  constant-phase  spherical  surface  of  the  cone  modes. 

As  in  the  free-space  case,  f ^  is  evaluated  Including  the  relative  phase  shifts  accumulated 

by  the  oone  modes  propagating  to  the  mirror  and  beck.  The  phase  shifts  are  found  by 

evaluating  the  fankel  function  in  Equation  11.  Then  k'  ,  in  turn,  is  expanded  in  terms  of 

Tf __  circular-waveguide  modes  in  order  to  determine  the  mode  conversion, 
on 


tome  resul*"«  are  disnlaved  in  viaure  Id.  minima  occur  when  the  lenath  of  the  taoer 

is  sufficient  to  introduce  approximately  l«d°  of  relative  nhase  shift  between  the  first  two 
cone  modes.  arrivino  hack  at  the  waveouide,  the  t*  cone  mode  converts  into  a  circu¬ 

lar  mode  and  a  smaller  amnlitude  tv  wod**  The  TV02  cone  mod*  converts  mostlv  to  the  mr^ 
circular  mode.  When  the  Dhase  shift  is  180°,  these  two  Tf‘o2  wav*8  aonroximatelv  cancel, 
nearlv  eliminatina  the  major  contribution  to  mode  conversion  in  the  closed  cavitv-  The 
relative  Dhase  shifts  are  smaller  as  the  diameter  increases,  thus,  a  greater  length  is 
reauired  to  accumulate  the  necessarv  180°  as  Figure  10  shows. 


The  choice  of  taoer  angle  involves  a  tradeoff  between  node  conversion  and  a  reasonable 
taper  lenath  to  reach  the  diameter  required  to  couple  out  the  infrared  radiation.  The  newer 
in  hiaher-order  cone  modes  increases  quickly  above  0«3O.  The  waveguide  diameter  can  then  be 
chosen  to  minimize  the  loss  through  the  mirror  hole  (which  again  has  roughly  the  same 
diameter  as  the  waveguide)  and  the  loss  due  to  waveguide  attenuation.  Fiqure  11  shows  the 
tradeoff  associated  with  this  choice. 


L/a 

Piaure  11.  Tn  the  closed  cavitv  a  tradeoff  exists  between  mirror-hole  loss  and  wavequide 
attenuation. 
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Phase-conjugate  reflectors 

Phase-conjugate  reflectors  have  been  considered  for  use  as  end  mirrors.8  there  would  be 
no  mode  conversion  with  such  reflectors.  However,  the  efficiency  of  present  phase 
conjuoators  is  low  bv  our  standards,  either  through  low  reflectivity  or  larae  power 
reauirements .  Richer  efficiency  mav  result  as  researchers  continue  their  efforts. 

v .  Conclusions 

Mode  conversion  is  identified  as  a  major  loss  mechanism  in  a  tf0^  ouasioptical  cavitv. 
two  possible  cavitv  modifications  are  shown  to  eliminate  mode  conversion,  these  are  the 
two-element  reflector  and  the  wave-front  reflector,  two  other  approaches,  the  horn  and  the 
closed  cavitv  mav  be  able  to  reduce  both  mode  conversion  and  mirror  hole  losses,  the  use  of 
phase-con juoate  reflectors  depends  on  future  demonstration  of  efficient  operation. 
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